Ribavirin at 200 ,ug/ml inhibited vesicular stomatitis virus (VSV) growth in Chinese hamster ovary (CHO) cells by 2.5 logs. To determine the mechanism of this inhibition, viral macromolecular synthesis was examined. VSV primary transcription remained unaffected, but overall VSV RNA synthesis decreased by 40 to 60%. When ribavirin was added 1.5 h after infection, inhibition of progeny production was partially lost, indicating that the antiviral effect was on an early stage after primary transcription. Inhibition of RNA polymerization by premature chain termination was not evident. Viral translation, on the other hand, was reduced by 95% with an inhibition of every protein species. Furthermore, viral RNA synthesized in the presence of ribavirin did not translate well in an in vitro translation system. In contrast, uninfected CHO cells treated with ribavirin showed a greater sensitivity in RNA synthesis than in protein synthesis. This suggests that the cellular translational machinery was not directly affected. Short-term treatment of cells resulted in negligible toxicity, but after 24 h there was marked alteration of cellular integrity. These results, taken together with data on other viruses, suggest that in the presence of ribavirin, dysfunctional VSV mRNA was synthesized, resulting in its failure to be translated. The selective antiviral effects of ribavirin and its relative lack of toxicity for host cells may be predicted on the basis of mRNA turnover and the requirements for de novo functional mRNA.
h there was marked alteration of cellular integrity. These results, taken together with data on other viruses, suggest that in the presence of ribavirin, dysfunctional VSV mRNA was synthesized, resulting in its failure to be translated. The selective antiviral effects of ribavirin and its relative lack of toxicity for host cells may be predicted on the basis of mRNA turnover and the requirements for de novo functional mRNA.
Ribavirin (1-,-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a synthetic nucleoside that has broad spectrum antiviral activity in cell culture systems (22) and against many viral infections of laboratory animals. These observations, as well as the drug's low toxicity, have led to human clinical trials against diseases caused by influenza virus, hepatitis A and B viruses, herpesviruses, respiratory syncytial virus, Lassa fever virus, and human T-cell lymphotropic virus type III/lymphadenopathy-associated virus; its effectiveness in human disease is currently under evaluation (5, 15, 18, 23) .
Ribavirin closely resembles guanosine in structure (21) , and many of the observed in vitro effects of the drug can be reversed by the addition of guanosine (9, 11, 13, 16, 26) . Ribavirin monophosphate inhibits cellular 5'-IMP dehydrogenase (IMPDH) (26) . However, the molecular basis of its apparent selective antiviral effect remains elusive. Any unifying hypothesis regarding the mechanism of action of the drug is confounded by the possibility that its primary molecular target may be different for different viruses (23) . Indeed, even the same virus may show variable sensitivity to ribavirin, depending upon host cell type as well as other culture conditions (14) , suggesting a contribution of nonviral factors to its antiviral effect as well. To define more clearly the mechanism for the selective antiviral effects of ribavirin, the vesicular stomatitis virus (VSV) system was used with the hope that the molecular basis of the action of this drug could be determined with this well-defined virus. Our data suggest that ribavirin failed to inhibit the VSV polymerase selectively; rather, in the presence of drug, viral primary transcription resulted in the synthesis of poorly translated mRNAs, leading to reduced viral protein synthesis and * Corresponding author. subsequent inhibition of genomic replication and secondary transcription. 
MATERIALS AND METHODS

RESULTS
Inhibition of VSV by ribavirin. The sensitivity of VSV to ribavirin was assayed by measuring the growth of infectious progeny in the presence of increasing concentrations of drug. When ribavirin at 200 pug/ml was added immediately after viral attachment, the production of infectious virus was suppressed by approximately 2.5 logs (Fig. 1) . At lower concentrations, the antiviral effects were considerably more moderate. Moreover, the time at which the drug was added to the infected cells substantially affected its antiviral capabilities (Table 1) . Delaying the addition of ribavirin for 1 h after attachment of virus led to virtually no antiviral effect of the drug when it was added at a concentration of 50 ,ug/ml and reduced a substantial portion of the effect when it was added at 200 ,ug/ml. Further delaying the addition of ribavirin led to a greater reduction of antiviral activity.
Effect of ribavirin on ['4C]uridine incorporation into RNA by uninfected and VSV-infected cells. Because the prior experiment had suggested that ribavirin exerted its effect at an early event in viral metabolism, the effect of ribavirin on viral RNA synthesis over a 3.5-h period was tested (Fig. 2) . Surprisingly, ribavirin led to only a relatively mild depression of synthesis of virus-specific RNA; even at 200 ,ug/ml, at VOL. 29, 1986 on July 9, 2017 by guest http://aac.asm.org/ Downloaded from a Viral growth was assayed in a manner identical to that described in the legend to Fig. 1 . After a 0.5-h attachment period ribavirin was added with and without actinomycin D at the concentrations listed.
which level production of infectious virus was suppressed by greater than two logs, viral RNA production was approximately suppressed by only 40%. Furthermore, the effect of ribavirin on cellular RNA synthesis was found to be more marked than on viral RNA production. Labeling infected and uninfected cells for a shorter period, 2.5 h, resulted in similar results (data not shown).
Effect of actinomycin D on the viral inhibition exerted by ribavirin. A possible artifact that may have affected the incorporation of ['4C]uridine into VSV macromolecules was that resulting from the presence of actinomycin D. By inhibiting cellular RNA synthesis, actinomycin D may have increased the cellular GTP pools, which in turn may have led to a reversal of the drug's antiviral effect by competition at its molecular target (13, 14) . The possibility that actinomycin D resulted in an underestimation of the inhibition of viral RNA synthesis was approached indirectly by first determining whether actinomycin D influenced the drug's effect on viral progeny production. In fact, the addition of actinomycin D to ribavirin-treated, VSV-infected cells entirely reversed the inhibition at 50 ,ug of ribavirin per ml and decreased the inhibition at 200 ,ug/ml (Table 2 ). These results indicate that the antiviral activity of ribavirin on VSV may indeed be significantly influenced by the presence of actinomycin D.
Determination of the absolute amounts of viral RNA present in ribavirin-treated cells. Though actinomycin D substantially reduced the antiviral activity of ribavirin as measured by the production of infectious progeny, it nevertheless remained undetermined whether this reduction was due to an effect at the level of viral transcription. Indeed, other investigators have questioned the correlation between effect of ribavirin upon cellular GTP stores and its effect upon viral transcription (27, 28) . Therefore, these results on infectivity indicated the need to confirm the inhibition measured by uridine incorporation in virus-infected cells by direct assay requiring no actinomycin D. This was done by hybridizing excess radioactive VSV genomic RNA to total cellular RNA produced in the presence of ribavirin (Table 3 ). The suppression of synthesis of hybridizable viral RNA measured by this direct assay is slightly greater than had been noted in the rus-infected cells in the presence of actinomycin D and cycloheximide showed no significant differences in the rate of primary transcription whether ribavirin was present or not (Fig. 3) . This experiment suggests that ribavirin fails to have any effects on the VSV polymerase.
Effect of ribavirin on viral RNA replication versus transcription. The nature of the suppression of viral RNA synthesis by ribavirin was further examined by separating radioactively labeled viral genomic and mRNAs made in the presence of the drug, using rate-zonal centrifugation. The degfee of inhibition, about 50%, of the 28S and 13S-18S viral mRNAs resulting from ribavirin treatment was identical to that of 40S genomic RNA synthesis (Fig. 4) . These data added further support to the theory that the inhibition of total VSV RNA synthesis produced by ribavirin was a result of inhibition of viral RNA replication and subsequent secondary transcription rather than primary transcription. In addition, the absence of significant amounts of radioactivity skewed towards the top of the gradient demonstrated that ribavirin treatment did not result in the production of short pieces of viral RNA because of premature termination.
Effect of ribavirin on cellular and viral protein synthesis. To assess the effect of ribavirin on the translation of viral mRNA, infected cells treated with drug were labeled with
[35S]methionine, and the viral proteins were separated on polyacrylamide gels (Fig. 5) the amount of cellular proteins produced in the presence of ribavirin, viral proteins were quantitated by densitometry and compared with uninfected cells' (Fig. 6) . The degree of suppression of viral protein synthesis was greater than 90% at 200 ,ug/ml, which was disproportionately greater than that of total viral RNA synthesis and approached the degree of suppression seen for the production of infectious' virus, suggesting that VSV RNA being transcribed was poorly translated. In contrast, protein synthesis in uninfected CHO cells was only mildly altered, with approximately 30% inhibition even at a concentration of 200 ,ug of ribavirin per ml. The effects of this drug on viral and cellular macromolecular synthesis were therefore quite different. Ribavirin suppressed VSV RNA synthesis to a mild degree but had a more dramatic effect on viral protein synthesis; by contrast, the drug suppressed cellular RNA synthesis to a greater' degree than synthesis of cellular protein.
In vitro translation of VSV mRNAs synthesized in the presence of ribavirin. To confirm the conclusions drawn from the above data that ribavirin led to the production of poorly-translated VSV mRNAs, viral messages made in the presence (200 ,g/ml) and absence of drug were isolated and translated in an in vitro rabbit reticulocyte system. Messenger RNA was synthesized in the absence of actinomycin D. After purification, the relative quantities of virus-specific messages in the ribavirin-treated and untreated samples were determined by quantitative RNA-RNA hybridization. These assays indicated that the ribavirin-treated samples' contained approximately 401% of virus-specific mRNAs com-. pared with control (data not shown), a result similar to that determined by the sucrose-gradient analysis of RNA species described above, in which actinomycin D was included. This When equal amounts of ribavirin-treated and control mRNAs were translated in vitro, substantially less protein was synthesized from the ribavirin-treated samples (Fig. 7) . Differences in protein production were quantified by cutting out the bands representing virus-specific protein and measuring the radioactivity directly. After a 90-min translation reaction, M protein synthesis was reduced by approximately 40% (16,681 cpm versus 28,029 cpm), and N protein synthesis was reduced by 75% (16,079 cpm versus 69,760 cpm) in the ribavirin-treated samples. These data confirmed that the mRNAs synthesized in the presence of ribavirin were poorly translated.
Effect of ribavirin on cellular integrity. The consequence of the effects of ribavirin on the viability of CHO cells was assessed by cell division and ability to exclude vital dye (Table 4) . For up to 5 h of treatment with ribavirin, within the time frame in which the above experiments were conducted, there was no discernable effect on viability. However, after 24 h, considerable cellular toxicity, as well as inhibition of division, was noted. Therefore, in the short term, when viral replication was ongoing, ribavirin had little (8 x 107) were infected with VSV at high multiplicity in the presence (200 j.g/ml) and absence of ribavirin. After 4 h the cells were harvested and lysed with Nonidet P-40, and the cytoplasmic extract was centrifuged through a 20 to 40% CsCl gradient at 55,000 X g for 16 h. The pellet was collected and precipitated in ethanol, and messenger RNA was selected by oligo(dT)-cellulose chromatography with standard methods. After purification, relative amounts of virusspecific RNA were assayed by methods described in Table 3 (24) . Furthermore, it has been questioned whether the reduction of cellular GTP pools noted after ribavirin treatment is sufficient to inhibit viral transcription (27) . A second theory proposes that ribavirin acts by suppressing virusspecific polymerases. This has been reported for influenza virus in tests involving ribavirin triphosphate in a cell-free polymerase assay (3, 28, 29) . However, some data report only mild suppression of VSV polymerase activity (3) , and other data indicate no inhibition toward 'a wide variety of animal and bacterial RNA polymerases (24) . A final hypothesis states that ribavirin acts by inhibiting the formation of the 5' cap structure on messenger RNA. This theory is supported by reports indicating an inhibition of vaccinia guanylyl transferase in the presence of ribavirin triphosphate (4) and the absence of cap structures on RNA isolated from cells infected with Venezuelan equine encephalitis virus (P. G. Canonico, J. S. Little, P. B. Jahrling, and E. L. Stephen, Program Abstr. 19th Intersci. Conf. Antimicrob. Agents Chemother., abstr. no. 977, 1979). In addition, resistance to ribavirin has been found with some of the picornaviruses (24) which do not contain a cap structure on their RNA (6, 17) . This resistance is not seen with all picornaviruses; however, single cycle metabolic studies similar to those presented for VSV are lacking.
The data presented on VSV support the hypothesis that ribavirin exerts its antiviral effect primarily by production of poorly translated mRNA. This hypothesis was deduced from data examining intracellular events and confirmed in a cell-free, in vitro translation system. Because synthesis of viral primary RNA transcripts was uninhibited in the presence of ribavirin, it was likely that the overall suppression by ribavirin on total VSV RNA synthesis actually represented an indirect effect of the drug. VSV requires continuous synthesis of proteins to replicate its genomic RNA (19); interference with viral translation will lead to decreased viral replication and subsequent secondary transcription.
The basis for the dysfunction of viral mRNA made in the presence of ribavirin remains undetermined. However, several of our experiments provide preliminary data which exclude possible mechanisms. The reduction of the antiviral activity of ribavirin when the drug was added only 1 h after attachment supports the concept that functional mRNA made at an early stage of the viral growth cycle in the absence of drug was enough to lead to normal progeny production. Therefore, whether or not ribavirin was incorporated into mRNA or genomic RNA, it had no apparent mutagenic effect on infectious progeny. Indeed, others have found little incorporation of ribavirin into RNA (24) . Furthermore, VSV mRNA made in the presence of ribavirin and sized by gradient centrifugation was full-length, rendering premature chain termination an unlikely basis for mRNA dysfunction. Finally, the differential effect of ribavirin on cellular and VSV protein synthesis indicates that there is no primary toxicity toward cellular protein synthetic machinery. Taken together, these data indicate that full-length viral mRNA is synthesized but poorly translated in the absence of any direct effect on cellular protein synthesis. Therefore, though the basis for the dysfunctional translation of these mRNAs was not directly identified by these data, exclusion of these other possibilities may suggest interference with 5' cap formation.
Actinomycin D was noted to reverse the antiviral activity of ribavirin on VSV in these studies. The same reversal was noted in Sindbis virus infections as well (12) . These observations underline the caution that must be exercised when interpreting studies involving the effect of ribavirin in which actinomycin has been used. However, in our studies on VSV, the inhibition of ribavirin on RNA synthesis was internally consistent and was supported by experiments utilizing no actinomycin. Furthermore, when actinomycin D was present the degree of inhibition detected was only slightly lower than when actinomycin was absent. Therefore, though actinomycin D had significant effects on the antiviral activity of ribavirin, little effect was noted upon viral transcription. These observations allowed the use of actinomycin D when assessing transcriptional activity in the presence of drug. They also added further support to the hypothesis that the major molecular target of ribavirin was not at the level bf transcription in this system. The basis for the reversal of the antiviral activity of ribavirin by actinomycin D has been attributed to an increase in cellular GTP pools resulting from actinomycin treatment (12) . However, the observation that actinomycin D may suppress expression of interferon and other cellular gene products normally induced by VSV (30) suggests this reversal may be complex and multifactorial.
Ribavirin's effects on uninfected CHO cell viability were in disagreement with prior results which showed that exposure to ribavirin inhibits cellular proliferation but generally does not kill the cells at concentrations less than 100 ,p.g/ml (8) . In the system examined in this report, some inhibition of growth was seen at 3 ,xg/ml, almost total inhibition of cell division was noted by 6 ,ug/ml, and substantial toxicity was found at 75 p,g/ml. Our CHO cells were grown exponentially, a condition that presumably requires high turnover of cellular macromolecules, which may account for the relatively greater degree of toxicity we observed. Over the short term, cellular integrity was maintained, presumably by translation of stable mRNAs synthesized before ribavirin exposure.
